Whole blood volume can be measured quite accurately by the use of radiochromium. The amount of radiation is very low; the radiochrornium stays fixed in red blood cells for many hours and does not leave the circulation as may happen when plasma tags are employed. Hypervolemia was found in the majority of patients with right ventricular failure but not in those with left ventricular failure or mitral stenosis alone.
of radiation is very low; the radiochrornium stays fixed in red blood cells for many hours and does not leave the circulation as may happen when plasma tags are employed. Hypervolemia was found in the majority of patients with right ventricular failure but not in those with left ventricular failure or mitral stenosis alone. IN CONGESTIVE heart failure the blood volume has generally been considered to be elevated." 6, 14, 15, 16, 18, 21t 24 Recent investigations by Prentice and co-workers19 and by Ross and associates,20 using P32-tagged erythrocytes, have suggested that the blood volume in heart failure often is not increased.
The importance of hypervolemia in both the physiology and therapy of cardiac failure has stimulated the study of this problem.
Nylin and Hedlund'6 in 1947 summarized the opinions of various investigators concerning the efficiency of the various methods. It was concluded that both the dye and the carbon monoxide methods may produce falsely high values because of leakage of dye substance from the vascular system and because of absorption of carbon monoxide by the myoglobin.
More accurate determinations of blood volumes utilizing radioactive material2' 4 713, 15, 19, 22, 23 are now available.
Total blood volumes are usually calculated from either the red cell or plasma volume, utilizing the hematocrit reading. Higher values are usually obtained when calculating whole blood volumes from plasma volumes, presumably, because of leakage of plasma bound substances from the vascular space during the period between injection and sampling. Ross20
From the Radioisotope Unit and the Medical Service, Ft. Miley Veterans Administration Hospital, San Francisco, Calif. 571 has submitted some evidence to support Peter's contention that this loss may be accentuated in congestive heart failure. Plasma volumes determined by radioactive iodinated serum albumin do not differ significantly from those obtained from T-1824. 22 Since there are valid objections to the use of tagged-protein methods, we decided to use one of the radioactively labeled red cell methods.
Red cell volumes determined by tagging the erythrocytes with radiophosphorus,"' 15 radioiron,7. s and radiochromium (Cr51)9' 23 are approximately the same. Although all of the reported red cell methods employing radioisotopes may give consistent results, radiochromium seems to be the most useful for several reasons, which include the physical properties of Cr5' and ease of application from a clinical viewpoint. Radiochromium emits mainly a gamma radiation and a scintillation crystal detects this very efficiently. This permits a low injection dose and small blood samples. Radiochromium is rapidly taken up by the red cell in vitro. The tag stability is relatively constant for at least 24 hours in vivo as has been observed by Sterling and Grey9' 10, 23 pling within 60 minutes or less following injection,16 and its radiation effect because of beta emission is much greater than chromium.5' Nylin and Hedlund"6 have observed that mixing times in congestive heart failure are usually slower than in the normal individual and that an occasional patient may not show complete mixing until 30 or more minutes have elapsed after the initial injection. If samples are obtained before 30 minutes the sample counts may then be high, giving a false low volume. In this respect radioactive chromium has a definite advantage over radioactive phosphorus in the study of congestive heart failure since the stability of the former remains relatively constant for 12 hours or longer in vivo. Radioiron was not considered because it is diffi:ult to obtain and also requires the use of donor red cells tagged a week or more before injection.
i ETHOD Approximately 10 cc. of whole blood were drawn from the antecubital vein with a sterile heparinized syringe and transferred to a 15 cc. sterile rubbercapped pyrex tube into which was introduced 0.1 to 0.2 cc. of sodium chromate (Na2Cr104) solution,* containing Cr5' plus the inert carrier which had been processed into a neutral solution of Na2Crs]04. The Cr5" activity of this solution ranged between 10 and 15 microcuries (Oc) and the quantity of carrier chromium varied between 100 and 300 micrograms (Mg.). This blood sample containing the Cr5" was agitated on a Fisher blood pipette shaker for 45 minutes at room temperature. Between 60 and 98 per cent of the Cr5" (in Na2Cr"~04) was taken up by the red cells, the variation being due to the total amount of chromium present in the solutions (fig. 1 ). The uptake of Cr5" by red cells is inversely proportional to the amount of carrier Cr5" present and our results agree with those published previously by Sterling and Gray.9' 10.23 It was also observed that lowered cellular uptake* of Cr51 may take place when the cells are incubated in the presence of plasma; however, this difference was small enough to neglect for all practical purposes.
Following incubation and shaking, the tagged whole blood was centrifuged for five minutes at 2700 revolutions per minute (1559 gravities) and the plasma discarded along with the sodium chromate not taken up by the red cells. The tagged cells were washed three times with 5 or 6 cc. of sterile isotonic saline by means of inversion, the saline being separated by moderate centrifugation (five minutes at 1559 gravities) and discarded. This procedure removed any sodium chromate adherent to the red cells.
The last saline wash was found to contain less than 0.2 per cent of the Cr5" present with the tagged cells. The cells were suspended in 5 or 6 cc. of saline by shaking them for a few minutes. Five tenths cc. of the cell-saline mixture was diluted to 50 cc. and 5 cc. portions of this were taken as a standard to determine the total number of counts present per cubic centimeter of the cell-saline mixture. The volume of the cell-saline mixture was carefully measured and administered to the patient by the intravenous route.
The dose to the patient was calculated to be the number of counts per second per cubic centimeter of cell-saline mixture times the number of cubic centimeters administered. In most cases the dose ranged from 4,000 to 20,000 counts per second.
In our hands 30 minutes was required for uniform mixing of tagged cells with those in the circulatory system of patients.t Samples of 6 to 7 cc. of venous * It is felt that the presence of hemoglobin in the plasma may be responsible. 9 t The results of mixing-time studies in normal individuals, employing serial samples taken 5, 10, 15, 20 and 30 minutes following the injection of tagged cells, indicated that complete mixing within the normal circulation may take place by 10 minutes, but it was not complete in all cases until 30 minutes. Therefore, in order to eliminate routine serial samples, a single 30 minute sample was selected for determination of the total blood volume. A wait of 60 minutes for complete mixing was selected for some cases of cardiac decompensation. There has been considerable controversy over the validity of whole blood volumes calculated from hematocrit readings because of differences in large vessel and total body hematocrit. This debatable point was eliminated by the comparison of radioactivity in whole blood samples rather than red cell mass; the hematocrit was then used to determine red cell and plasma volumes. Ross and associates used a similar method with radioactive phosphorus tagged red cells. 20 In the Cr5' assay a 5 cc. aliquot of the standard was compared with a 5 cc. sample of blood withdrawn from the patient. All samples were pipetted into tin plate dishes which are 4 cm. in diameter.
These were counted in a scintillation counter which was filtered so that only the 0.3 million electron volt gamma rays associated with the Cr5' decay was observed as counts. The efficiency of the thalliumactivated sodium iodide crystal was such that 11 to 14 per cent of the total disintegrations associated with gamma emission were observed as counts. On the average each sample of blood withdrawn from the patient after the tag was administered contained sufficient Cr5' to have 4 to 20 counts per second per 5 cc. The samples were counted for a sufficient period of time to observe 4096 counts, which count has a statistical variation of less than 2 per cent. The scintillation counter was shielded with two inches of lead; this resulted in a background of 1.5 to 1.7 counts per second.
Numerous difficulties were encountered during the development of the procedure. Foremost was the poor quality of the radioactive chromium; the earlier samples contained low specific radioactivity and the blood volume results were unreliable. It is conceivable that on rare occasions, part of the tagged cells may have not been placed in the vein properly, with consequent leakage into the subcutaneous tissues giving falsely high blood volumes. Constant cross checking of the procedure and calculations by several individuals eliminated the human error to a great extent.
Reliability of Method. The reliability of this method was observed by comparing the results of two blood volume determinations on each of 17 subjects carried out within a two hour period according to the following double injection procedure.
Approximately 20 cc. of heparinized whole blood was withdrawn sterilely and divided equally between two pyrex tubes, one containing approximately 10,000 counts per second and the other approximately 20,000 counts per second and the samples processed for injection as previously described. One hour following the first injection of 10,000 counts per second a sample was withdrawn for assay and blood volume determined, and the counts per second per cubic centimeter recorded.
A second injection of 20,000 counts per second was then administered and another sample withdrawn after one hour and assayed. The activity due to the first injection was subtracted from the activity of the combined injection in order to determine the activity due to the second injection and the second blood volume determination. The results of this experiment are shown in table 1. The difference in the two blood volume determina- Group I (17) . Patients in this group had never had symptoms or signs of congestive heart failure but had various cardiac diseases such as hypertensive cardiovascular disease (HCVD), arteriosclerotic Group II (8). This group consisted of cardiac patients who had previously been in congestive heart failure but who were now compensated following treatment in this hospital.
Example
Group III (12). This group consisted of cardiac patients who had a history of dyspnea, orthopnea, paroxysmal nocturnal dyspnea and, when present, physical or x-ray evidence of pulmonary congestion.
Group IV (25). This group consisted of cardiac patients who had evidences of pulmonary congestion plus either two or more of the following: venous distention, enlarged liver, ascites, hydrothorax or peripheral edema. Group V (4). This group consisted of patients who had primary pulmonary disease and secondary right ventricular hypertrophy plus either two or more of the following: venous distention, enlarged liver and peripheral edema.
A more complete description of the symptoms and findings of individual patients at the time of the blood volume determination may be found in tables 3 to 7.
RESULTS
The whole blood volumes in the normal patients were found to range from 2500 to 6084 cc. Volumes were also calculated as cubic Normal values were also found in patients with pulmonary congestion alone (group III). Blood volumes were significantly elevated in the majority of patients who had venous distention, liver congestion, and peripheral edema whether secondary to left ventricu-lar failure or mitral stenosis (group IV) or to primary pulmonary disease (group V). The individual determinations in these groups of cardiac patients are compared with the normal range and mean in figure 2 . The values for blood volume in cubic centimeters, cubic centimeters per kilogram and liters per square meter for each patient in the five groups are listed in tables 3 to 7. These will be furnished on request. Values obtained for wet weight were calculated from the actual weight at the time of the blood volume determination. Values for dry weight were calculated from the weights obtained at the time of maximum compensation. cardiac patients with normal subjects revealed the following results:
Patients in group I had blood volumes significantly lower than the volumes of normal subjects when the volumes were calculated as cubic centimeters per kilogram (p = 0.01) and probably significantly lower than the volumes of normal subjects when the values were calculated as liters per square meter of body surface area (p = 0.1).
Patients of group II did not have blood volumes significantly different from the values of normal subjects when determined either as cubic centimeters per kilogram or as liters per square meter.
The blood volumes of patients in group III were significantly lower than those of normal subjects when calculated as cubic centimeters per kilogram (p = 0.02) but were almost the same as normal when calculated from "dry" weight. When these same comparisons were made on a basis of liters per square meter of body surface area the blood volume was lower than the blood volume of normal subjects "wet" (p = 0.03) but not significantly lower, "dry" (p = 0.3).
Blood volumes of patients in group IV were very significantly higher than the volumes in normal subjects whether calculated as cubic centimeters per kilogram or liters per square meter "wet" or "dry" (p in each case less than 0.01).
Although there were only four patients in group V the comparison was higher than Group V Pt., Age B.F., 57 H.C., 55 T.R., 38 W.F., 42 I normal when determined either as cubic centimeters per kilogram or liters per square meter of body surface area "wet" or "dry" (p = 0.01).
The comparison of the mean values and standard deviation in each of these groups with the values in normal subjects is made in table 8.
DIscussIoN
Elevated blood volumes in these patients apparently depended upon the development of right ventricular failure, whether it occurred as a result of left ventricular failure, mitral stenosis or primary pulmonary disease. This was true on comparison by weight or by body surface area. Greater accentuation of these differences was evident when calculating the congestive heart failure patient's blood volumes by the lowest weight following cardiac compensation; i.e., dry weight (see table 4 ).
In patients who manifested only signs and symptoms of left ventricular failure or mitral stenosis (group III), not a single blood volume determination was elevated above that of subjects in the normal group. Although five of the patients in group IV had blood volumes within the range of the mean and standard deviation of subjects in the normal group, in only one of these did the volume remain in this range when volumes were calculated by dry weight. On the basis of these studies we believe that in the fully developed picture of congestive heart failure, that is, pulmonary and hepatic congestion, venous distention and edema, the blood volume is significantly elevated, but that in a few patients in this state it may be normal. The explanation of the findings of a normal blood volume in such a patient with right and left heart failure is not clear to us.
Serial determinations were done on 16 patients with symptoms and signs of right and left ventricular failure. In general, blood volumes reverted to normal values as cardiac reserve returned; the converse was true in patients who became clinically worse or died.
Although part of the increased blood volume in congestive failure due to cor pulmonale may be explained by secondary polycythemia, serial determinations on these patients after cardiac therapy revealed a return toward the normal ranges.
Our results were in general in accord with Nylin and Hedlund'6 who stated that in congestive heart failure the increase in whole blood volume is most marked in patients with severe edema and slight in those with pulmonary congestion alone.
These results are not in agreement with those of Prentice and associates19 who found normal blood volumes in 12 of 27 patients with heart failure. The explanation of these findings which differ from ours evidently is not that their patients had predominantly left ventricular failure, for they state that only one third of the patients with normal volumes had left sided failure. If the majority of their patients had only minimal to moderate edema this may be significant since the degree of elevation of blood volume in our cases was roughly correlated with the amount of edema and excess body weight. Nor does our data support the finding of these authors that most of their patients who did have elevated blood volumes in heart failure were those with old rheumatic heart disease and that those with hypertensive and arteriosclerotic heart disease had essentially normal volumes. We found elevated blood volumes in most of the patients with concomitant left and right sided failure regardless of the etiology of the heart disease. Like ourselves, Prentice and co-workers19 found normal blood volumes in their patients with only left ventricular failure. As they state, however, there were no cases of early acute left ventricular failure in their study. We were unable to test patients with left ventricular failure until 12 to 18 hours after hospital admission; however, these patients still had signs and symptoms of failure at the time of testing. Differences in the blood volume of normal subjects and patients with left ventricular failure from those with combined right and left failure depend to a large extent upon the correct evaluation of the patients and their proper placement in the groups as described. Certainly there is no sharp clinical division between left and right failure. Fluid retention, hepatic congestion and elevated venous pressure during exercise may exist and may not be clinically recognized in cardiac patients. Venous pressure and circulation time often add little to this differentiation. In most instances the clinician can separate patients who have predominantly left heart failure from those with both left and right or right failure alone.
Concomitant cardiac catheterization and renal
studies would add greatly to the interpretation of blood volume changes.
The chain of events in the development of expanded intravascular volumes in cardiac failure has always been a controversial subject and often has been compared to the "horse and cart" problem. Needless to say the complete picture may stem from the concept of insufficient cardiac output relative to the metabolic needs of an individual. Not only are there changes resulting from poor output but there are also changes resulting from an increasing residual of blood proximal to the failing ventricle. In left ventricular failure and mitral stenosis reduced output (resulting in relative anoxia) to the organs such as the kidney, liver, and endocrine glands may result in changes such as salt and water retention. Apparently from our studies this retention does not result in hypervolemia if there is left ventricular failure or mitral stenosis alone but apparently depends upon the failure of the right ventricle as well. As Ross20 and others have pointed out, there may be a shift of a portion of the total circulating blood volume to the pulmonary vascular tree without a resultant increase in the total circulating blood volume. This shift into the pulmonary vascular tree is probably dependent upon an adequately functioning right ventricle relative to the left ventricle. The dyspnea, orthopnea, and pink frothy sputum occurring with left ventricular failure and mitral stenosis are probably due to this relative shift. Clinically these symptoms may disappear or lessen with the onset of right ventricular failure and mitral stenosis and this may be due to this relative shift. Consequently we feel that hypervolemia occurring only with right ventricular failure plays a definite role in the sequence of the pathologic physiology of the failing heart. SUMMARY 1. The advantages and method of using radiochromium are described for determining whole blood volume in normal and congestive heart failure patients. 2 . Patients with normal heart function were observed to have whole blood volumes of 65.5 +-5.95 cc. per kilogram or 2.49 q-0.28 liters per square meter of body surface area.
3. Hypervolemia occurs in the majority of cardiac patients with signs and symptoms of right ventricular failure but not in those cardiac patients with left ventricular insufficiency or mitral stenosis alone.
SUMARIO ESPArOL
1. Las ventajas y el metodo de usar radiochromio se describen para la determinacidn del volumen sangufneo total en sujetos normales y en pacientes en decompensacion cardtaca.
2. Pacientes con funcion cardiaca normal fueron observados tener volumenes sanguineos total de 65.5 + 5.95 cc. por kilogramo o 2.49 +-0.28 litros por metro cuadrado de superficie del cuerpo. 3. Hipervolemia ocurre en la mayoria de los pacientes cardiacos con signos y sintomas de decompensacion del ventriculo derecho pero no en aquellos pacientes cardiacos con insuficiencia ventricular izquierda o estenosis mitral solamente.
